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I. INTRODUCTORY.

The heavy drop in the selling prices of all types of electrical
machinery which has taken place during the last six or seven years,
due to the keen competition which has prevailed during this period,
has resulted in the cheapening of manufacture, not only through the
introduction of better shop methods, but also through better electrical
design. That is, the increased economy of material, shown by the
decreased weights of active iron and copper used, with an accompany-
ing reduction in overall dimensions, is to be measured both by the
saving in material and by the consequently smaller labour charges.

This improvement cannot be attributed to any radical changes or
departures in design as, since the introduction of carb'on brushes and
multipolar field designs, there have been practically no new construc-
tions used. It is entirely due to more careful attention- paid to the
detail work of the machine as evidenced by the improved commutating
qualities, and by working closer to the heating limits ; improvements
which necessarily follow a better grasp of the principles underlying
successful machine design and working operation.

The modern tendency is to work the machine right up to its heating
limit, and by means of ample ventilation in both armature and field to
use the minimum amount of copper and iron compatible with good
mechanical design and running. One does not to-day come across
those liberally designed field coils, say on a large multipolar dynamo,
which do not heat under normal running conditions more than 300

to 400 F., an experience common enough only a few years ago. A
liberal margin of copper on the field was allowed for contingencies,
such as a greater exciting current than was predicted being found
necessary on test. Manufacturers were content to avoid the possibility
of overheating on the field, and made sure of it by using perhaps
15 per cent, more copper than was absolutely necessary, cool fields
being often used to offset the bad impression created by a too hot
commutator or armature !

The temperature rise allowed is not quite so strict, 700 F. replacing
the 6o° F. more commonly specified a few years back, and signs are
not wanting to indicate a general movement towards 8o° F. for
revolving machinery, all these temperatures being measured thermo-
metrically.

With the advent of turbo machines a new phase of electrical
development was immediately entered upon. Successful operation
was impossible without some special device for- ensuring sparkless
commutation,- with the result that compensating windings and auxiliary
poles were again introduced. The success which attended these old
and previously discarded devices has led first to their adoption on
variable speed D.C. motors, and latterly on constant speed machines,
and they are especially valuable in cases where generators are
required to do duty both on a traction and lighting load.

The authors are of opinion that a particularly interesting stage has
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been reached in the evolution of the direct-current machine, and
though this paper does not pretend to be more than a statement of the
present state of D.C. design, they do not plead any justification for its
presentation, as the subject is of such great interest at the moment.
They will endeavour to show how the development of the interpole
machine has led to a better mechanical design which ensures a more
efficient ventilation, to a lower works cost due to the greater saving in
material, and finally to an improved efficiency curve and commutation
over the whole range of loads.

II. THE OUTPUT LIMITS OF D.C. MACHINERY.

To effect the greatest saving by the use of interpoles one must
consider the limits of the present machines and see by what rearrange-
ment they can be extended. The heating limits are the same for all
machines and will be considered under one heading; the sparking
limits will be dealt with first as occurring in constant speed, secondly
as occurring in variable speed machines.

Healing in Armature.—An accurate predetermination of the arma-
ture temperature rise is not an easy task owing to the great differences
found between the calculated and the actual iron losses. If a careful
study be made of the question it will be found that the question of
agreement or disagreement depends to a great extent upon the amount
the slots are touched up with a file or milled out, or, in other words,
how much the discs are burred over and shorted on one another. The
hysteresis and eddy losses when separated out invariably give one
result, the hysteresis being approximately as calculated, the eddy loss
being several times greater than that obtained by a transformer test.
The value of this multiplier is not constant for any given armature, but
increases with increase of flux, and appears to be due to a breaking
down of the insulation between the discs at the burred edges. As the
flux increases the number of short-circuit paths increase, and the eddy
loss rises far more than in proportion to the square of the density.

In Fig. i are curves of the measured iron loss in two machines, A
being for a 55-H.P. motor in which the core was carefully built up, and
•B for a 23-H.P. motor in which the slots were touched up with a file
and the plates not so carefully assembled. The iron losses are actually
greater in the smaller machine, and the shape of the two curves at once
shows wherein the difference lies.

With a carefully built up armature the above multiplier is approxi-
mately 10 with normal full field densities, but it will rise to 20 or even 30
if much milling or filing is done. Results calculated with the lower
value will be found to agree fairly well with the empirical curve
proposed by Parshall and Hobart.

Eddy Loss in the Copper.—In addition to these actual iron losses,
those losses must be taken into account which, often classified as iron
losses, are yet in reality eddy losses in the copper bars in the slots.
They may be ascribed either—
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(1) To the. increased fringe cutting the tops of the armature bars
when the short air-gap is used, or

(2) To the varying reluctance of the magnetic circuit, the variation
being greater the shorter the gap and the higher the density.

Fig. 2 shows the measured iron losses of an armature with an air-gap of
2 and 3*5 mm. The magnitude of the increase fully illustrates the
importance of taking these details into consideration. To reduce these
losses to a minimum it is advisable not to increase the tooth density
above 21,000, and to work'with gaps at least as large as those given in
Fig. 15.

Estimation of Temperature Rise.—In calculating temperature rise for
an armature the following formula has been used by the authors :—

Temp, rise = K x W
Ax(i v)

where K = constant
W = watts lost in the armature being the sum of

the iron and copper losses.
A = cooling surface in square decimetres.
v = peripheral speed in metres per second.

The accuracy of the results obtained with this well-known method
depends entirely upon the cooling surfaces taken into account. Fig. 3
shows these, the dark lines indicating the surfaces taken ; Table I. gives

TABLE I.

Watts Lost

Iron.

255
255
255
IOO

IOO

235
24O

n o
160

195
500

165
230
225
166
154
270

Copper.

246
288
365
271
4 2 0
470
271
418
459
4O5
645
579
770
610

573
610

585

Total.

5OI
543
621

37i
520

7O5
5 i i
528
619
600

1,145

745
1,000

835
740
764
855

Radiating
Surface.

Dm.2

38-I
38-I
38-1
38-1
38-1
48-1
48-1
48-1
48-1
48-I

59"°
59*°
59"°
59'°
59 < O

59"°
59'°

Watts per
SquareDecimetre.

I3-2O
14-25
16-30
975

13-70
14-70
10-50
ii-oo
12-80
12-50
19-40
I2'6O
16-90
10-30
9 7 0

10-30
9 9 0

Peripheral
Speed inMetres/Sec.

i5"3°
14-60
15*00
7-80
8 0 2

13*30
13-40
9-80

12-05
10-65
i3'O5
7-10
7" 14
7"52
7-81
7 9 0
8-45

Rise oC.

23-50
29-00
30-50
27-00
39"5O
32-50
24-50
34-00
35'2O
39-60
40-50
39-20
&3'5o
27-00
35-8o
3650
3r5°

\r
K.

4'54
5-02
47o
4'95
5"23
5-20
5'4o
6-15
6-05
6-55
4-80
51O
6-40
3-30
5-10
5'O2
4-00
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a series of results calculated by this method and the temperature rise
obtained on test. Fig. 4 shows a series of curves which illustrate how
this constant varies with the actual temperature rise of the machine,
being higher the greater the rise and vice versa. This shows that the
higher the actual temperature rise, less watts per square decimetre per
unit degree rise can be radiated.

TABLE II.

Radiating Surface.

347°
37*35
347O
347O
46-60
44" 80
44-80
44" 80
44-80
6r8o
6r8o
68-75
68-75
6875
68-75
68-75
6875
6875

• 68-75
68-75
70-80

174-90
164-50
164-50
164-50
164-50

Watls.

I7O
I36
156
151
2 6 l
274
268
219
186
336
348
247
238
256
2 6 l
265
270
260
191

251
322
382

• 608
69O
680
731

Watts
per Dm.2

1

4-90
3*64
4'5O

.4*35
5-62

' ' 6-io
6*oo
4-87
4-17
5*45
5-65
3-58
3'47
372
3-80
3-86
3"93
379
2-78
3-66
4-65
2-18
3 7 0
4-20
4-14
4"43

Temp. Rise
Deg. C.

22"5
2 4 -8

33'2
2 2 7
32*2

4i"5
347
32-0
38-5
2 5 0

34-5
367
37*5 '
32-0
18-9
27-8
41*5
32-0
3i"5
29'5
35'5
18-0
29-0
4°"5
41-2
39"o

Constant.

872
5-86
5'42
7-70
6-96
5"9O
6-90
6'10
4*34'
8-20
6-56
3-90
37O
4"65
8-oo
5'55
3-80
474
3*54
4*95
5*15
4-85
5-10
4"i5
4*03
4'56

The constant is the number of watts per square decimeter
corresponding to 400 C. rise.

Heating in Field Coils.—A similar list of results for field coils, the
whole surface being considered, is given in Table II., and a series of
curves in Fig. 5. These curves have the same characteristics as those
for the armature. In both cases it will be noted that the larger the
size of the machine, the less is the variation in the value of the
coefficient.

Commutation Limits in Constant Speed Machines.—The sparking
limit of a machine is determined by the reactance voltage and the
ratio, armature ampere-turns per pole : ampere turns per pole for gap
and teeth. If the reactance voltage is sufficiently low, the latter ratio
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can be neglected, dependence no longer being placed on the magnetic
fringe to reverse the current under the brush. Whilst this may be
done with boosters and other low voltage machines, it is impossible to
obtain the same state of affairs in a 500-volt generator. The higher
the reactance voltage, the greater becomes the necessity for making
sure that a distortion of the field at full load will not place the com-
mutating coils in a field which will set up an E.M.F. tending to retard
commutation. As the strength of the armature—ampere-bars per cm.

•
FIG. 3.—Cooling Surface of Armatures.
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of armatux-e periphery—is increased, so must the gap or teeth ampere-
turns in proportion be increased to ensure a fixed brush position from
no load to full load. This entails a further expenditure of copper on
the fields to provide the necessary extra ampere-turns, and a limit is
reached about 260-300 ampere-bars per cm. of periphery, beyond
which it is not econoiiiical to increase the output.
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The greater the core length the higher will be the value of the
reactance voltage, owing to the decreased magnetic reluctance of the
path of the short circuit flux. This in large machines considerably
restricts the choice of armature length, compelling the choice of a
larger diameter and smaller length than the most economical design
would have given. The saving which is effected with the smaller
diameter is considerable, owing to the decreased size of the overall
dimensions of the machine.

Commutation Limits in Variable Speed Machines.—Variable speed
shunt motors, with wide speed variation by alteration of the shunt
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field alone, had been successfully built by a number of firms before
the introduction of commutating poles.

The necessary means for obtaining good-commutation under such
stringent conditions are well understood. One must rely entirely upon
the brush resistance to effect the reversal of the current, the brushes
being placed in the geometrical neutral position, so as to minimise the
effect of armature reaction.

In spite, however, of the low values of the reactance voltage which
are obtained by the use of large commutators with many segments,
etc., at the top speed, due regard must be paid to the distorting effect
of the armature. Thus such machines, if a great range of speed
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variation be required, must be designed with a very high field strength
obtained by the use of long air-gaps in conjunction with a normal
armature reaction, and a smaller ratio of pole arc to pole pitch than is
employed with the standard type of machine.

Up to 250 volts it was possible to obtain variations of 3 :1 or
even greater, but such machines were necessarily expensive, and with
a 500-volt motor the great difficulty of obtaining a sufficiently low
reactance voltage rendered the possibility of obtaining such a varia-
tion of speed entirely out of the question. The restrictions are, there-
fore, even greater with a variable speed machine than with an ordinary
type, and if a case can be made out for the adoption of interpoles on
constant speed generators or motors, they would be still more useful
for variable speed work.

III. CALCULATION OF THE INTERPOLE DIMENSIONS AND WINDINGS.

The fundamental principles upon which the design of interpoles is
based are well known to all. Sufficient ampere-turns must be pro-
vided to balance those of the armature, and, in addition, produce the
necessary flux required for sparkless commutation. In practice, the
design is not quite so simple as the above statement would lead one to
expect, but by considering each part separately our task is rendered
much easier.

Reactance Voltage.—In calculating reactance voltage and the turns
required on the interpole, one of the authors has used either of the
following methods, each of which has given satisfactory results,
although the second one appears more rational.

The first method is due to Dr. Breslauer.* He takes as his basis
the reactance voltage formula :—

er = % b* . mc . m . i . n . io~8 volts.

where er = reactance volts.
If = o"i mean length in cms. + net iron length.
mc = conductors per armature coil.
m = conductors in series on armature.

i = current (total in armature).
n = r.p.m. of machine.

From this he deduces the following formula :—

where A Tc = total ampere-turns on commutating pole.
A Ta = armature ampere-turns per pole.
A S =lampere-bars per cm. of periphery of armature = t!L

8 = interpole gap.
bc = breadth of commutating pole.
ic = axial length of commutating pole.

* Elektrotechnische Zeitschrift, vol. 26, 1905, p. 640,
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The second term of the above equation requires some explanation.
The auxiliary pole, being placed exactly over the coils undergoing
commutation, tends to reduce the magnetic reluctance of the path of
the short circuit flux. The second term was introduced to take this
into account. In practice, however, it will be found that, owing to the
damping effect of the eddy currents induced in the solid interpole
shoes, this increase is to a great extent nullified. If laminated shoes
are used, increased ampere-turns will be required.

In spite of this, good agreement will be obtained with this method
between the calculated and the required interpole turns, as these
ampere-turns provide the additional flux necessary owing to leakage.

The second method, which has also been found very reliable, is based
on exactly the same principles as the above, the differences being in
the calculation of the reluctance of the air-path, and in the reactance
voltage formula used. Prenzlin's formula has been employed, and this
is as follows :—

£r = — ATa —?—8 T a \ \ ia (r68 ^ + 3-68 log ±)
2 30. i o 8 ( 2 — - l a ) a \ N* J feN,>/

\ pt \
+ 1, fo-i + 0-92 log T-^-J \

where p = number of pairs of poles.
a = i number of circuits.

Dtt = armature diameter.
ia = length of armature iron net.
i /=free length of conductor.

N, = slot depth.
N4 = slot width.

1 = neutral zone.

From this is deduced—

A T required = A T2 -| 7-̂  X .——r- \ a constant [

where r = magnetic reluctance of the air-path, in centimetre units.

The method employed for calculating the magnetic reluctance is
described later. This could, of course, be calculated in an exactly
similar way to that used in the first equation. There it is assumed
that the flux density is the same over the whole pole shoe; the
magnetic reluctance is then equal to (in centimetre units)—

Interpolar air-gap x o-8
Interpolar pole-shoe area"

We will now pass on to consider the interpole itself, and will
first determine the pole arc to be used.

Interpolar Arc.—It is evident that a machine with a very narrow
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interpolar arc has many points in its favour. Owing to its com-
paratively small leakage coefficient, the machine will be able to
stand heavy overloads without the interpoles becoming saturated,
and the commutating field will be more closely proportional to the
armature current. In addition, there will be more space between the
auxiliary and main field coils, ensuring a lower temperature rise—with
the same watts dissipated per unit of exposed surface—owing to the
improved air circulation.

In Fig. 6 is shown the curve of interpole field distribution, with a
machine where the arc is equal to the slot width. The dotted lines
are the curves taken on test, the full lines are the calculated ones.
The curve A was taken with 8oo ampere-turns, curve B with 416

FIGS. 9 AND XO.—Brush Curves, Small and Large Interpole Arc.

ampere-turns, on the interpole. The arc subtended on the armature
circumference by the brush is shown below.

It is obvious that part of the coils which are undergoing commuta-
tion must lie outside the influence of the interpolar field. By using
brushes with a very high cross resistance it is possible even to obtain
fair results with this narrow pole, but when a wide speed variation
is desired on a 500-volt supply, or where the reactance voltage is higher
than 3, it is impossible to obtain even this fair result.

It is not, then, so much the. question of coils commuting outside
the auxiliary field as it is the rapid variation of the field itself. Figs. 7
and 8 show this more plainly. The magnetic reluctance of the inter-
polar flux path will vary considerably as the teeth pass under the pole,
being considerably greater in the case of the position in Fig. 7 than
that in Fig.'8. To obtain fair results one has to take an average value

VOL. 39. 40



582 PAGE AND HISS: DIRECT CURRENT DESIGN [May 23rd,

for the commutating tlux and then determine the ampere-turns required
to produce this value with the average position assumed for the tooth.
Fig. 9 gives the drop between the brush surface and the commutator
of a dynamo with a narrow arc. Fig. io shows the curves at quarter
and full load of one with a properly designed pole. The former very
clearly shows the effect of the excess current which is flowing at the
end of the commutation period, a feature which entirely disappears
with the wider arc of Fig. io.

These bad features are improved or made worse as the air-gap is
increased or decreased; the flux variation being less and the fringing
effect greater the longer the air-gap. It will be usually found that a
machine with a narrow pole arc is very sensitive to brush position,
being very liable to hunt or flash over with a sudden variation in load
or speed. If, as is often the case, it is associated with a small number
of slots per pole, there will be trouble at the commutator, every third
segment or so being blackened according to the number of segments
per slot. The machine may run satisfactorily on test or for a few
weeks under actual working conditions, but slight sparking under the
brush, hardly noticeable at first, will gradually become worse until the
commutator blackens completely and the sparking is intolerable. This
question of flux variation is again considered later on in the paper when
dealing with series and parallel windings.

Arnold has stated that the width of the pole arc should be at least
equal to two slot pitches, but this is not necessary with ordinary
variable speed machines where the reactance voltage, calculated by
Prenzlin's formula, does not exceed 8 to 9. An arc equal to a slot pitch
plus a tooth width will be found sufficient; expressed in terms of a
slot pitch this is equivalent to 1*5 to 17 times the pitch. It must not
occupy too great a percentage of the neutral zone if leakage and, con-
sequently, the interpole copper is to be kept within reasonable limits.
For this reason 35 to 45 per cent, of the neutral zone will be found
to be the average figures representing modern practice in this respect.
The more difficult the commutating conditions, the wider should be
the neutral zone and the greater the number of teeth per interpole arc.
Still considering the same class of machines as above, 3^ to 4 slots per
neutral zone is sufficient. The above conditions fulfilled, it is only
necessary to see that the brush width is not too great or that the com-
mutator diameter is not too much reduced so that the arc covered by
the brush is too great; 25 per cent, of the neutral zone as the arc,
subtended by the brush, will be found a very good working figure.

Axial Length.—The axial length of the auxiliary pole-shoe will be
determined by the conditions which the machine has to fulfil, being
dependent to a large extent upon the density employed in the air-gap.
In high speed machines, or machines having a wide variation of speed,
one must work with low average densities of from 5,000 to 9,000 lines
per square centimetre in the air-gap, whilst with constant speed
machines working at full field strength 10,000 to 12,000 will be perfectly
satisfactory.
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It is best to cut down the axial length as much as possible, as
thereby the leakage from the pole is reduced. When the average value
of the flux per centimetre of periphery of the armature is found, this
being determined from the reactance voltage, the length is settled by
dividing the value obtained by the flux density most suitable for the
conditions.

Pole-shoes.—Several firms have made a very special feature of the
pole-shoe of the interpole, such as may be noted in machines built by
the Phcenix and the Lahmeyer Companies. The first-named device
is shown in Fig. 20, the second in Fig. 17, where it will be seen that a
skewed pole-shoe is employed, this tending to reduce the variations in
the flux. The utility of these devices depends upon the strength of
the main fields ; with variable speed machines they are of no avail, but
they may have a certain sphere of usefulness with large constant speed
generators.

In Fig. 11 are shown curves of field distribution of a dynamo with
a rectangular interpolar shoe and concentric air-gap. A is the main
field, B is the main and interpolar field, Ct is the main field with a
current flowing through the armature corresponding to the B curve.
CXI is the same as B, only the interpolar field is reversed. E is the field
and armature field curve without any current in the auxiliary coils. It
will be seen how closely this curve corresponds to Cn where the inter-
polar field replaces the armature field with very similar results. D and
F are the same as B and d , only with double current flowing through
the interpoles. At full load (curve d ) there is no sign of distortion of
the commutating field, and it is only at double overload (curve F) that
the distorting effect of the armature really becomes serious. If we
employ a sufficiently wide interpole or a narrow brush this trouble will
be entirely eliminated, as we shall then keep the actual process of com-
mutation between the limits X Y. The method of taking these curves
is explained in Appendix II.

Pole Core.—The pole cores should be made circular in section
wherever possible owing to the saving which can be effected in copper
due to the decreased mean turn ; this is not always possible owing to
lack of room. A great difference in length between core and shoe is
to be avoided, as it will lead to leakage and waste of copper. The
core section is determined by considerations similar to those settling
the axial pole-shoe length, and the shape by the space at disposal.

Number of Interpoles to be Employed.—With a series wound arma-
ture, the number of interpoles used need not be the same as that of the
main poles, the improved ventilation obtained by such a construction
being a great advantage.

From tests carried out by one of the authors it would appear that
this method of design is not very general in its application. Its sphere
of usefulness is limited to cases in which the reactance voltage is too
high for successful operation with ordinary commutation methods, but
where the main field is sufficiently strong to prevent serious distortion
due to armature reaction. Successful operation cannot be so accu-
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rately predicted beforehand as in the case where the full number
of poles is employed, and it would not appear that this method would
be largely employed.

IV. THE EFFECT OF THE INTERPOLE UPON THE D.C. MACHINERY.

From a consideration of the principles outlined above it can be
judged upon what lines the rearrangement of the design should pro-
ceed. It is evident that the heating limits will remain the same
whether interpoles are employed or not, and it is only by a better
distribution of the losses and a different proportioning of the various
parts of the machine that an economy can be effected. For the very
small sizes it is not probable that it will be found of much advantage
to adopt cdmmutating poles as a standard. The extra labour cost
entailed in fitting commutating poles is of considerable consequence,
the available space between the poles is constricted, the total number
of field coils would be doubled, and, as the heating limit is reached
before the sparking, advantage cannot be taken of the saving in
material which is effected in large machines by a reduction in the
length of the air-gap and so forth. Only machines above 40 to 50 k.w.
output will therefore be considered in the following.

Poles.—The extensive adoption of interpole windings will probably
decide once and for all the question of the shape of the main poles.
Up to the present time there has been no consensus of opinion as to
whether in general main poles of circular or rectangular shape should
be chosen, makers of equal repute using poles of both sections on all
sizes of machines. From the general standpoint the authors are of
opinion that the cheapest designs are obtained by the use of round
poles in bipolar and 4-pole machines, but rectangular ones for all
machines with a larger number. The following argument may be
adduced for the conclusions arrived at above.

A given diameter of armature having been chosen, the maximum
flux per pole will be determined by the radial depth of armature core
which can be allowed. This will be settled by the diameter of the
shaft and the necessary allowance for the transverse ventilating holes
in the core. With 4-pole machines this maximum flux can be easily
obtained with round poles and the use of a rectangular section will
only bring with it the attendant disadvantages of the greater mean
length of turn and the extra cost of winding.

With large machines, where there is ample room inside the arma-
ture, it is found that with rectangular poles a much greater armature
flux can be obtained, and thus for a given armature reaction a much
greater output for the same size of machine is obtained. Although
there will be a corresponding increase in the yoke and armature cross
section, and in the field copper due to the increased mean turn, this
design will be cheaper than one in which round poles are used, in
addition to the fact that it will have smaller overall dimensions.

With interpole designs the question of space makes the employment
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of the rectangular pole even more necessary, and will no doubt lead to *
its use on smaller sizes than would be the case with ordinary machines.

Number of Poles.—It is this question of space as well as the applica-
tion to the design of the conclusions drawn in Section III. which leads
one to the result that it does not appear desirable to increase the
number of poles with the new designs. Although on paper by so doing
a considerable saving may be effected in amount of material used, yet
the general sensitiveness of a machine with an abnormal number of
poles fits it rather for laboratory experiments than for practical work-
ing, especially under adverse conditions.

This will be more clearly seen if the commutator is considered.
The brushes will have to be narrower or they will cover a wider zone
than the intcrpole arc, with all the resultant evils noted in Section III.
The same amount of brush shifting will be relatively a greater per-
centage movement in the smaller neutral zone than where the number
of poles is smaller. This is the cause of the extreme sensitiveness to
brush shifting which is such a prominent feature of this class of
design.

The difficulty of the increased number of segments no longer exists,
as a much higher voltage per segment can be permitted, 20 to 25 volts
per segment being successfully dealt with, without any tendency to
flash over. This applies to ordinary D.C. generators, and not to high
voltage machines with a wide range of speed variation, turbo machinery,
or cases in which a high reactance voltage has to be dealt with at a
very weak field.

Armature Length.—At first sight it would appear that a considerable
saving could be effected in field copper by slightly increasing the core
length of the machine and reducing the high flux densities in the teeth
which are common in modern machines. This is possible, as one is no
longer restricted in length by commutation conditions. A limit is,
however, soon reached, beyond which a further increase in length is
not economical. If this be exceeded it will pay to increase the
densities again until the increased cost of copper as a per cent, of
the total cost just balances the per cent, increase in output. This
density seems to be about 19,500 to 20,500 lines per sq. cm., depending
on the machine considered.

The greater flexibility in the matter of tooth densities is due, of
course, to the fact that it is no longer necessary to have a stiff field
to prevent distortion. The latter is by no means got rid of, as will be
seen from Fig. 11, curve F, but is, in fact, greatly accentuated owing
to the smaller air-gaps used. It is not a serious item with constant
speed machines such as are built for direct coupling to high speed
engines, but with turbo-generators or motors operating at high speed
or with a wide variation of speed the overload which can be withstood
is practically dependent on this. Flashing over at the commutator
from one brush set to another—an experience only too common with
turbo sets—is due to this, the volts per segment being enormously
increased due to the distorting effect of the armature.
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Pole-shoes.—One method of reducing this evil to a minimum is that
employed in a turbo-generator designed by Dr. Breslauer shown in
Fig. 12, the air-gap being made greater at the edges than in the centre ;
the flux distribution obtained by this method is also shown.

At first it was thought that were it not for the question of humming
the pole-shoes could be made without any chamfering at the tips, but
this is not the case where the distorting effect is great and the re-
actance voltage high. The shape of the pole-shoes should be such
as to give maximum magnetic reluctance for the path of the armature
or cross flux so that the distorting effect is a minimum ; it is therefore
best, in addition to the long air-gap employed at the tips, to make the
latter as narrow as possible.
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FiG. 12.—Field Distribution Turbo-Generator.

Slots.—In large machines where a deeper slot can be used without
any appreciable diminution in the width of the slot, the output can be
increased by putting more copper in the slot owing to the greater
room in it.

Armature Strength.—It must not be forgotten that these increased
armature ampere-turns will necessitate more interpole turns and that
therefore there must be a certain point beyond which it will not pay to
increase the rating even if there is ample room in the slot. This limit
is reached when there are from 300 to 360 ampere-bars per cm. of
armature circumference, the figure to be taken depending on the size
of the machine.

Windings.—In the choice of windings one has now a much freer
hand; a series winding can often be employed where formerly com-



1907. AS INFLUENCED BY INTERPOLES. 587
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mutating conditions would necessitate a parallel one. With interpole
machines preference should always be given to a series winding, as its
self equalising properties are very valuable with the short lengths of
air-gap employed. Another important feature is that the variation in
commutating flux is less with the series winding. Fig. 13 will make
this more clear. Suppose a 4-pole machine with 29 slots and 6 coils
per slot; the two pitches are y, = •)';, = 43, slot 1 to 8. When the
centre of slot 1 coincides with the centre of pole A, slot 8, which
contains the other side of the coil, will be a quarter of a slot pitch from
the centre of pole B. The E.M.F. induced in the short circuited coil
will be the sum of the E.M.F.s induced in the two sides of the coil.
With an odd number of slots as above and a series winding these
E.M.F.s will add up as in Fig. 14A, whereas in a parallel winding
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FIG. 15.—Air-gaps and Armature Diameters Interpole and Non-Interpole
Machines.

where the number of slots is a multiple of the number of poles they
will add up as in Fig. 14B.

It is this difference in phase between the two E.M.F.s which is
equivalent to a widening of the pole arc, that led some early experi-
menters to declare in favour of a narrow pole arc, thus avoiding leakage
troubles. The other troubles, such as blackening of the commutator
and sensitiveness of brush position, eventually led to the abandonment
of the narrow arc.

Series parallel windings should be avoided except in the cases
mentioned below, as they usually lead to heavy equalising currents
flowing under the brush from winding to winding. This will be very
little improved by equalising connections. The only time when they
can be employed with good results is with eight or a larger number of
poles, a doubly re-entrant (GD) or a duplex (00) winding having been
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used with excellent results by one of the authors on several occasions.
A doubly re-entrant winding is best with an 8, 12, or i6-pole machine ;
a duplex with a io, 14, or 18 pole.

Air-gaps.—The question of air-gap length to be used has already
been brought up in connection with the apparent iron losses of the
armature, and has to be carefully considered as it is no longer
necessary to use more than mechanical clearance demands. It must
not be forgotten, however, that with a small gap, if the armature is
slightly out of centre, big mechanical stresses will be set up due to
the magnetic pull on the armature.

The curves in Fig. 15 represent the air-gaps which have been
employed in ordinary non-interpole machines compared with the air-

75% 100% Load 125%25% 50%

25% 50% 7b% 100% Load 125%

FIG. 16.—Efficiency Curves Interpole and Non-interpole Machines.

gaps which the authors consider will be approximately adopted by
most manufacturers who will take full advantage of the designs with
commutating poles. Below these figures it is not advisable to go, for
mechanical reasons, and above them the machine will be costly in
amount of copper used.

Commutators.—One hears rumours on every hand of the great
reduction in commutator diameters and lengths which have taken
place since the introduction of the interpolar design, leading to a great
saving in that expensive item—commutator copper. The reduction in
the number of commutator segments has led designers to reduce the
commutator diameter until with the maximum number of segments
which would be used with the interpolar design, the pitch of the
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segments is the smallest permissible for mechanical reasons. The
advantage gained is, to a certain extent, more apparent than real. With
the smaller commutator the brushes must be narrower or the amount
of the neutral zone covered by the brush will be too large, and owing
to the decreased section more brushes per spindle will be required.
This assumes that the same current density is employed in both cases.

One will very often find that for both the designs the area of the
commutator is practically the same in both cases, and for the following
reasons.

The OR loss will be approximately the same in both cases, being
equal to twice the amperage of the machine, and the brush friction
losses will not be sensibly reduced owing to the decreased peripheral
speed of the smaller commutator..

Whether the two areas are the same or not depends upon the
ventilation obtained through the lugs. If the decrease in diameter
does not improve it, the areas are equal for equal temperature rise;
when there are few segments, as in an interpole machine, and plenty
of room between the lugs, the improved cooling effect will sometimes
make it possible to dispense with one or more brushes per spindle and
to obtain a corresponding reduction in commutator length.

A second point gained is where a certain wearing depth of com-
mutator is specified (for example, i in.). Suppose two cases; a commu-
tator 6 ins. diameter and 4 ins. long and one 8 ins.,diameter and 3 ins.
long, the exposed surface being the same in both cases. The volume
of active copper in the first case is proportional to TT (3s — 2s) 4 = 20 -K
in the second to ir (4* — 32) 3 = 21 IT. The mechanical construction
is also cheaper with the smaller size.

Against these advantages must be set the fact that the smaller the
commutator diameter the narrower must be the brushes and the more
sensitive will be the machine to brush shifting. A ratio of 60 per cent,
of armature diameter to commutator diameter appears to be quite low
enough for true economy.

Efficiency.—As has been repeatedly pointed out by several writers,
the efficiency curve is much improved at light loads with auxiliary
designs. The constant losses are diminished, the iron losses being less,
due to the decreased tooth densities, the excitation loss less, due to the
decreased length of air-gap. In Fig. 16 are given the efficiency curves
of two generators illustrating this point.

Conclusions.—The question which faces the manufacturer is whether
auxiliary poles should be regarded merely as adjuncts to a standard
line of machines, arrangements being made that they may be fitted to
variable speed, variable voltage, and generally difficult cases with
a minimum of cost, or whether new designs should be got out.

Reviewing the way in which the designs can be modified, it will be
seen that all the following advantages, if to be made full use of, will
demand a complete rearrangement of the design.

For large machines the works cost will be cheapened owing to—
(a) The higher armature reaction employed. The extra cost of



FIG. 17.—Field Magnet Frame, 7.5 H.P., 500 volt, 400/1,000 r.p.m.
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the interpole copper and winding being more than offset
by the increased output obtained and the saving on the main
field, no ampere-turns being required for armature reaction.

(b) The smaller air-gap. This still further reduces the amount of
copper required.

(c) The armature can be made longer and of smaller diameter,
thus effecting a great saving in the mechanical design and
labour costs.

(d) A smaller commutator, giving a better ventilated armature
and a cheaper mechanical construction.

The working qualities will be improved owing to
(a) The smaller number of segments, which will minimise the

trouble so often experienced due to high micas or bars.

Edge of ftrmaXure Core.

FIG. 20.—Auxiliary and Main Poles, 200 k.w., 500/540 volts, 400 r.p.m.

(b) Better commutating qualities, a properly designed machine
giving no load to 50 per cent, load without shifting of the
brushes or any signs of sparking.

(c) It follows that there will be less attention required at. the
commutator and less frequent renewal of brushes.

V. MODERN PRACTICE IN D.C. INTERPOLAR DESIGN.

The following examples of machines will serve to illustrate the way
in which manufacturers have taken up the question of the adoption of
commutating poles. They are described separately under their various
types, but for the sake of a better comparison are detailed out as far
as possible in Table III. ' « . .
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Fig. 17 illustrates a shunt motor by the Lahmeyer Company of
7"5 H.P., 500 volt, 400-1,000 r.p.m. This is a fair example of inter-
poles applied to a small machine, and one notes the use of tapered
coils on the main poles to provide more room for the auxiliaries, and
also the skewed form of pole-shoe referred to above.

In the type shown in Fig. 17 the poles are bolted on from the
outside of the frame. A different method consists in fixing them from
the inside.

Fig. 18 illustrates a motor of 360 H.P., 550 volts, 500 r.p.m. This
is one of the Lahmeyer Company's latest types, and here the principle
of tapered main coils and concentrated auxiliary coils is fully adopted.

Fig. 19 represents a dynamo of 1,100 k.w., 630 volts, 94 r.p.m., by
the same company. The method of winding shown in Fig. 18 has

_i

< 1 500 *\

FIG. 21.—22 H.P., 180 volts, 300/1,100 r.p.m.

been carried still further, and the main coils are now only wound on a
part of the pole, the rest being left bare to permit of more room for
the commutating coils.

Details of a dynamo by the Phoenix Company of 200 k.w., 500-
540 volts, 400 r.p.m., are shown in Fig. 20. The main pole-shoes are
cut away on the one side to reduce leakage to a minimum. The
auxiliary pole-shoe is given a special shape for the same reason. (For
further details see Table III.)

Figs. 21 and 21A represent a motor of the Oerlikon Maschinenfabrik
of 22 H.P., 180 volts, 300-1,100 r.p.m. Tapered main coils are used and
also a small diameter commutator.

In Fig. 22 is illustrated a dynamo of 100 k.w., 500 volts, 400 r.p.m.,
from Siemens Bros.' Dynamo Works. A commutator of larger diameter
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has been used with this dynamo than with most interpolar designs.
By the use of square poles full advantage is taken of the core ; efficient
ventilation of the coils is ensured by leaving the coils untaped.
• Details of a dynamo of 115 k.w., 460 volts, 250 amperes, 550 r.p.m.,

by Kolben & Company, are given in Table III.
Fig. 23 gives details of a motor of 30 H.P., 440 volts, 230-800 r.p.m.,

by Lawrence Scott & Co. This machine was designed for constant
torque at varying speed. This firm have kindly consented to the pub-
lication of their views on this question. They are not in favour of

F I G . 2IA.—22 H.P., 180 volts, 300/1,100 r.p.m.

interpoles for standard machines below 30 to 40 H.P., and do not fit
them except in special cases of speed variation, etc. For larger
machines, although of opinion that a considerable saving could be
effected in iron, but not much in copper, the space occupied by the
extra coils is great, and the complications involved go a long way to
nullify the advantages of commutating poles. Their machines are
designed to give satisfactory results without interpoles, and thus are
not specially made for them.
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Fig. 24 shows a 100-k.w. cascade converter by Brown-Boveri.
This machine is noteworthy for the fact that only two instead of four
interpoles are used. This is only possible with a series winding on the
armature.

In the machines which one of the authors has designed for Johnson
& Phillips, Ltd., square poles have been adopted so as to obtain the
maximum use of the armature core ; the interpoles are cast in with
the yoke, thus avoiding the cost of machining and fitting.

An illustration is also presented of the field magnet yoke of a
125 k.w., 428 r.p.m., 550 volt machine, and of a drawing of the yoke of
a smaller machine of 30 H.P., 800 r.p.m., 230 volts. In this size, the

FIG. 23.—Auxiliary and Main Pole.

poles are bolted to the yoke, this being a case in which interpoles have
been fitted to an ordinary machine.

Turbo-Generators.—In turbo machinery the great difficulty to con-
tend with is distortion and its resultant evils. To overcome this the
Deri compensating winding has been largely used, the armature
reaction being neutralised by distributed windings in slots in the
pole-shoe.

The following are two examples by Brown-Boveri of modern
design :—

In these machines the Deri winding is employed, as will be seen
from the sectional drawings Fig. 25 and the photographs Figs. 26, and
27, the former showing a wound and the latter an unwound carcase.



TABLE I I I .

Poles ...
Output
R.p.m.
Volts
Amperes
Armature (out) <p ... mm.

(in) <p
Length ... ... ,,
Slot dimensions ... ,,
Width Air-gap ... „

Interpole dimensions „
„ section ... cm2.
„ shoe area. . .

Commutator diameter mm.
Segments
Output coefficient
Ampere-bars per cm.
Flux per pole -f- io6

Reactance voltage ...

Interpole turns/pole
Strip
Pole arc/pole pitch
Copper weight

Lawrence
Scott & Co.

A

30 H.P.
230/800

AAC>

I6/63
432

IQO-5
254

7-6 x 177
( 476 main.
I inter.

d = 50-8
2O"3

25-4 x 50-8
356
267

42*6
248

j 1*27 min.
( 5'io max.

0-837
/ 2'Q

126
i 'oi6x 25-4

0-65
454 lbs.

Kolben.

A

115 k.w.
550
460
250
591
328
320

15 X30
4
3

d = 75
44

40 x 160
—

2 0 1

42-0
270

6-55
1-72

57
•3'C V ~\O

O-69
75O

Breslauer.

A

2 H . P .

I.35O
A Ad

4*5
180

9°
90

7-5 x 13-5
o-6 — i-6

o-8
16 x 40

6-4.
28 x 40

—
—

i8ogo
63

0-512
0 6

150
d ^ 1 "i

0-65
18-25

Phcenix.

8
200 k.w.

4OO
5OO/54O
400/370

375

- 7 0

—

d = 70
33-5

44"5 x —

i n
38-0

—

z—
—

0 7 5

Oerlikon.

6
22 H.P .

300/1,100
180

111/105
45O
2 5 0
170

x 33

5

—
—

3 0 0
—

51-0

—

—

—
—

Johnson &
Phillips, Ltd.

6
125 k.w.

428
ccn
JJU

226
6 l O
—
235

33 deep

2-5 mm. .
IOI-6 x 38

)>
,,

380
—
26-5
—

—

—

75
750 lbs.

Brown-Boveri.

A

250 k.w.
500

500/600
240/200

700
381
330

x 317

6-35
7 0
— '

— x 35/70
530
—

67-0
—

—

—

o-68



FIG. 24.—100-k.vv. Cascade Converter.









FIG. 26.—Field Magnet Frame (Wound) Turbo-Generator.





FIG. 27.—Field Magnet Frame (Unwound) Turbo-Generator.





FIG. 28.—Armature Turbo-Generator.





FIG. 29.—Brush Gear Turbo-Generator.
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FIG. 30.—Turbo-Generator.
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A typical armature is given in Fig. 28. Special means are provided
for ventilating the machines, as will be seen from the cooling fans
fitted in some cases at both ends and in others at only one end of the
armatures. The brush gear shown in Fig. 29 is of a special type
consisting of two parts, one carbon and the other copper tipped to
facilitate the easy collection of the current.

The ventilation system is as follows : Air is sucked in by the
ventilators attached to the armature and passing also through the ducts
is carried up through the field system and passes out at the ventilating
opening shown in the top of the field frame.

Fig. 30 shows a photograph of a dynamo by Siemens Bros. & Co.,
the most noteworthy point being the commutator, which is of their
special air cooled type, and is used when a large current has to be
collected.

In conclusion the authors desire to thank the many firms who have
so kindly supplied the photos, etc., given above, without which the
paper could not have been carried through.

APPENDIX I.

METHOD FOR CALCULATING THE INTERPOLAR AIR-GAP RELUCTANCE.

The calculated curve in Fig. 6 was arrived at by a method similar
to that proposed by Messrs. Hawkins and Wightman* for the determi-
nation of the equivalent air-gap under the main pole. The method is,
however, different in its application owing to the small number of teeth
per pole.

The E.M.F. induced in the coil is the sum of the E.M.F.s induced in
the two sides, and this again is proportional to the total flux cutting
across either side. If the value is known of the flux entering the tooth
preceding the conductor under consideration the E.M.F. induced can
at once be determined, provided the width of the tooth and the surface
speed are known. The ampere-turns on the interpole were known and
the reluctance was obtained graphically, then

T-- u T-̂  Tooth flux, . , .E.M.F. = -.....•—j———•• X surface speed in cm. per sec.
Width of tooth in cm. ^ v

X conductors in series.

In calculating the reluctance, account was taken of the different
reluctances of the teeth under the different poles as spoken of when
discussing windings in Section III. The total reluctance from one
pole to the next through the two teeth preceding the conductors was
obtained and the flux calculated. This was carried out for the two
paths which the flux takes from one pole to the two adjacent ones, and
the total flux issuing from one pole was obtained by summing the
two results.

In actual practice the approximate method given first in Section III.
* Journal Institution of Electrical Engineers, vol. 29, 1900, p. 436.

VOL. 39. 41



598 PAGE AND HISS : DIRECT CURRENT DESIGN [May 23rd,

will be found sufficiently accurate and considerably quicker than the
above. For difficult cases where a more careful determination is
required resort should be had to the second method.

APPENDIX II.

METHOD FOR EXPERIMENTALLY DETERMINING THE FLUX CURVE.

The curves of flux distribution shown in Fig. i were obtained by a
method first brought to the notice of.one of the authors by Dr. Breslauer
of the Technische Hochschule, Charlottenburg. The test is carried out
as follows:— ;'

Two slip rings, A and B (Fig. 31), are mounted on the shaft of the
motor to be tested, A being a continuous ring of metal, whilst B is an
insulated disc with a copper contact brought out at one point of its
periphery; they are connected to two adjacent segments of the com-

MA

MV

FIG. 31.—Diagram of Connections for Field Distribution Curve Test.

mutator. Brushes D and E bearing on these rings make contact with
the slip ring A and the point B respectively at a given part of the
armature circumference depending on the position of the brushes.
F G is a resistance connected across the external supply mains, one end
being joined to the brush E ; a movable contact C makes connection
through a milliameter M A to brush D, the millivoltmeter M V is put
across F and C.

In taking a reading the pointer C is moved along F G until the drop
across F C is equal to the voltage across D E ; the milliammeter M A will
then read zero, and the millivoltmeter M V will measure the voltage
across D E. Readings are taken with the brushes in different positions
round the commutator until the complete circumference has been
traversed.

By plotting voltage against position of the brushes the curves shown
in Fig. 11 were obtained. This voltage is the sum of the E.M.F.s in a
complete loop of the armature as connection was made on two adjacent
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segments of the commutator : account is thus taken of the averaging
effect spoken of above. The advantage of this method is that no
current is taken out or put into the armature, and the normal conditions
of the motor are unaltered. The objection to it is the length of time
required to take one curve, and during this period it is extremely difficult
to keep the test conditions the same.

DISCUSSION.

Mr. F. E. USSING : The paper gives much useful information on Mr. Ussing.
interpoles, and the curves in Figs. 9, 10, 11, and 12 are very instructive.
The authors use Dr. Breslauer's formula for reactance voltage, and
rightly point out that the term in this formula which takes into account
the reduction in magnetic reluctance due to the auxiliary pole being
placed exactly over the coils undergoing commutation is not necessary
for machines with solid pole pieces.. I would go further, and say that
it is not necessary at all. I made a few tests with a normal machine
with laminated pole shoes, and found that as soon as the poles were
excited the increase in reactance voltage of a coil situated directly under
the centre of the pole as compared with a coil situated midway between
the poles was very small. Even with very low saturations I do not
believe that the increase in reactance voltage due to the interpoles
would be more than 10 to 15 per cent. This paper brings again to the
front the important question whether direct-current machine designs
should be completely rearranged on the interpole basis or not ? The
authors seem to advocate the standardising of machines of outputs
above 40 or 50 k.w. on the interpole basis, but consider the
standardising of machines below this output as likely • to be un-
economical. I am of almost the opposite opinion; I believe it is
most rational in all cases to consider the interpole machines as a
special line of machines. It would perhaps be possible in some degree
to standardise the smaller machines on an interpole basis in so far as
one would be able to use most of the mechanical parts of the normal
machines for the interpole machines, and one could in many cases with
advantage provide the 500-vdlt machines with interpoles ;• but for
machines about 50 k.w. I believe that the standardising on an interpole
basis is quite out of the question, due to the greatly varying working
conditions for machines of greater outputs. Even with normal machines
one can hardly standardise above 200 k.w., and I do not see that the
authors of this paper have given any proof to the contrary. For
instance, they state that the heating limit is the same for machines with
and without interpoles. I have always found that the interpoles impair
the ventilation considerably. Furthermore, they themselves state that
a reduction in commutator copper for the interpole machine is to a
•certain extent more apparent than real. This, I think, could also be
said of the gain in efficiency claimed by the authors for interpole
machines; I find that generally the efficiency is about the same for
•interpole and for normal machines. I believe that interpoles have their


